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Co catalysts, based on alumina supports modified with La2O3 and CeO2, have been explored in the steam
reforming of ethanol (SRE). The addition of oxygen in the reactants, process called oxy-reforming of eth-
anol (ORE), and the effect of adding Pt as a promoter were also addressed. One of the main challenges of
this system is to hinder carbon deposition that leads to catalyst deactivation. In this work, the stability
against carbon deposition was correlated to the control of the Co2+/Co0 ratio, which was addressed by
in situ temperature-resolved X-ray absorption near edge spectroscopy (XANES). Temperature- and spatial
resolved XANES indicated that the nature of supports, the presence/absence of Pt promoter and the com-
position of oxidants (water and oxygen) in the feed stream determine the degree of reduction of Co under
reaction conditions. The control of the Co2+/Co0 ratio can equilibrate the steps of ethanol activation and
carbon oxidation, resulting in stable catalysts.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen is an important feedstock for fertilizer production
and has a crucial role in petroleum refining to reduce impact of
fuels on the environment. In the near future, it is expected that
hydrogen will become an important energy carrier for use in fuel
cells. The production of hydrogen from renewable sources such
as ethanol has received special attention due to the environment
appeal of this route. Hydrogen can be produced by steam reform-
ing of ethanol (SRE) (Eq. (1)) and steam reforming of ethanol with
addition of oxygen in reactants, called oxy-reforming of ethanol
(ORE), both reactions catalyzed by metal surfaces.

C2H5OHþH2O! 2CO2 þ 4H2 ð1Þ

Density functional theory (DFT) studies on decomposition of etha-
nol over Pt(111) surfaces suggest that the abstraction of H from
ethanol leads to the formation of intermediate OC–CHx and subse-
quent cleavage of C–C bond yielding CO and CHx species [1,2]. These
calculations are in agreement with experimental data obtained for
SRE on Co- and Ni-supported catalysts [3,4]. The experimental data
indicate that the hydrogenation of CHx species to CH4 is favored at
low temperatures [3,4]. The formation of CH4, undesirable for max-
imizing the H2 production, can be avoided using transition metals
with high reactivity to CHx species and low H hindrance, favoring
ll rights reserved.
the decomposition of CHx species to C and H2 via a pyrolytic mech-
anism [5]. On the other hand, this high reactivity of the metal
implies in high activity for C–C bond cleavage and consequently C
accumulates on metal surface. In this case, the presence of O species
is crucial to reestablish the accessibility to these sites by C oxida-
tion. The use of metals with low occupancy of the d orbital can con-
tribute to both strong O interaction and high activity for C–C bond
cleavage. However, if not kinetically equilibrated, these properties
can result in deactivation due to the blockage of active sites by car-
bon deposits or due to the oxidation of active sites. Among the met-
als with low occupancy of the d orbital, Co [4,6] and Rh [7,8] have
been described as active for reforming of ethanol.

The performance of catalysts is strongly influenced by the
nature of support, which adsorbs ethanol and may lead to unde-
sirable by-products. One critical case is the presence of acidic
surfaces, which favors the ethanol dehydration forming ethylene
and other by-products from the condensation of acetaldehyde
[3,9,10]. The relative reaction rates on the support and on the
metal directly influence the distribution of products. Thus, met-
als with higher activity are desirable. On the other hand, the
increase in activity results in an increase in C on catalyst surface.
In this case, a cooperative effect of O transfer from oxides to the
metal–support interface will be desirable to promote oxidation
of C and obtain active and stable catalysts. Considering that Co
(i) has a high activity for the cleavage of C–H and C–C bonds
and (ii) enables a higher free energy of adsorbed O species rela-
tive to other transition metals [5], these properties may confer
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potential active sites for obtaining kinetically equilibrated cata-
lysts for reforming of ethanol.

Recently, attention has been attracted to hydrogen production
from different reaction, such as SRE and ORE, using Co-based cata-
lysts supported on various oxides, such as Al2O3, MgO, ZnO, SiO2,
ZrO2, CeO2 and CeO2–ZrO2 [11–20]. In spite of reportedly high
activities and selectivities, Co-based catalysts still undergo signifi-
cant deactivation, which is generally attributed to Co particle
sintering, carbon deposition and oxidation of the metallic Co parti-
cles. Carbon deposition strongly depends on the reaction condi-
tions, such as reaction temperature, water/ethanol molar ratio
and oxygen/ethanol molar ratio. Oxygen addition to the feed
enhances the gasification rate of the carbon deposits improving
the catalyst stability. However, it may lead to oxidation of the
metallic Co particles, which can result in activity loss in the
reforming reactions [21–24]. For example, Co/SiO2, Co–Rh/SiO2

and Co–Ru/SiO2 catalysts deactivated under ORE carried out be-
tween 623 and 673 K [25]. The decrease in ethanol conversion
was accompanied by a decrease in hydrogen selectivity and an in-
crease in acetaldehyde selectivity. The authors proposed that oxy-
gen from the feed oxidized the surface of Co particles and the Co
oxide favored the dehydrogenation of ethanol to acetaldehyde.
The oxidation of Co particles was inhibited or decreased by the
addition of a noble metal (e.g., Rh, Ru). The coexistence of metallic
Co and CoOx phases was also observed in CeO2- and CeO2–ZrO2-
supported Co catalysts [18,20,26–29]. It is clear that the depen-
dence on the degree of reduction of Co with the composition of
reactants in the feed stream and with the type of support should
not be neglected, and it has to be balanced with these require-
ments to decreasing the carbon deposition. It is important to stress
that the changes in the oxidation state of Co have not been inves-
tigated under reaction conditions by using techniques such as
XANES. The characterization of the nature of the active sites under
reaction conditions is still a challenge, which is becoming less elu-
sive with time.

In this work, we examine the phase changes of Co in Pt-pro-
moted and unpromoted Co catalysts supported on Al2O3, La2O3/
Al2O3, CeO2/Al2O3 and CeO2/MgAl2O4 in SRE and ORE reactions.
Special effort was done to perform in situ characterization by
XANES as a function of temperature and reaction conditions. The
strong spatial dependence of the oxidation state of Co along the
reactor was also addressed. The experiments aimed to contribute
to the elucidation of issues concerning the Co-catalyzed ethanol
reforming reactions such as (i) the sensitivity of stability to the
amount of oxygen in the feed stream, (ii) the importance of sup-
port nature on catalyst stability and (iii) possible reasons of
deactivation.
2. Experimental

2.1. Catalyst preparation

Commercial c-Al2O3 (Strem Chemicals, SBET = 200 m2 g�1) or
MgAl2O4 synthesized by sol–gel method was used as support.
The commercial c-Al2O3 was calcined at 773 K (10 K min�1) during
3 h under flow of 30 mL min�1 of synthetic air in order to remove
moisture and any impurities adsorbed.
2.1.1. Synthesis of sol–gel MgAl2O4

A solution containing 13 g of aluminum tri-sec-butylate (Merck,
97%) diluted in 96.6 mL of ethanol was added to a solution contain-
ing 6.8 g of magnesium nitrate hexahydrate (Sigma–Aldrich, �99%)
diluted in 13.5 mL of water, keeping the molar ratio of MgAl2O4.
After stirring and refluxing constantly at 343 K for 1 h, 7.5 mL of
ammonium hydroxide was added to the mixture and kept under
reflux for 14 h. The solution was dried at room temperature during
48 h followed by a second treatment at 383 K for 4 h. The powder
was then crushed until there was no visible change in its size, fol-
lowed by treatment under flow of 80 mL min�1 of synthetic air at
1073 K (5 K min�1) for 4 h.

2.1.2. Synthesis of Ce–-Al2O3, Ce–MgAl2O4 and La–Al2O3 with 12 wt.%
Ce or La

Supports containing 12 wt.% of Ce or La were synthesized by
incipient wetness impregnation of c-Al2O3 or MgAl2O4 using aque-
ous solutions of cerium ammonium nitrate (Degussa, 99.99%) or
lanthanum nitrate hydrate (Aldrich, 99.9%), respectively. The
impregnated solids were dried at 373 K for 12 h and calcined at
1173 K (10 K min�1) for 12 h under a flow of 80 mL min�1 of syn-
thetic air.

2.1.3. Impregnation of supports with 12 wt.% Co and 0.05 wt.% Pt
The c-Al2O3, Ce–Al2O3, La–Al2O3 and Ce–MgAl2O4 supports were

impregnated with aqueous solutions of Cobalt nitrate hexahydrate
(Aldrich, 99%) to contain 12 wt.% Co, followed by drying (383 K for
12 h) and calcination at 723 K (10 K min�1 for 12 h) in synthetic air.
The addition of Pt to the Co catalysts was done by incipient wetness
with aqueous solutions of hexachloroplatinic acid hexahydrate
(Umicore) to contain 0.05 wt.% Pt. The samples were dried (383 K
for 12 h) and calcined at 723 K (10 K min�1 for 2 h) under flow of
synthetic air. The Co-based samples were defined as Co/Al, Co/Ce–
Al, Co/La–Al and Co/Ce–AM, while the Co-based catalysts promoted
with Pt were defined as Pt–Co/Al, Pt–Co/Ce–Al and Pt–Co/La–Al (Al
and AM stand for c-Al2O3 and MgAl2O4, respectively).

2.2. Characterization

Temperature-programmed reductions (TPR) were performed on
a Micromeritics Pulse Chemisorb 2705 operating at atmospheric
pressure. Prior to reduction, the samples (150 mg) were treated
at 473 K for 2 h under N2 flow and cooled to room temperature.
Following, the samples were heated up to 1273 K (10 K min�1)
under 30 mL min�1 of a 5 v% H2/N2 mixture. Hydrogen uptake
was monitored by a thermal conductivity detector (TCD) previ-
ously calibrated with a CuO sample.

BET surface areas of the samples were measured by N2 adsorp-
tion at 77 K using a Quantachrome Nova 1200.

X-ray diffraction (XRD) patterns were recorded on a Rigaku
DMAX 2500 PC diffractometer employing Cu Ka radiation (k =
1.54056 Å) with a Ni filter. The 2h angle was swept from 20� to 80�
with step size of 0.02� and counting time of 1 s. To estimate the crys-
tallite mean diameter of the Co3O4 particles, the XRD pattern of each
catalyst was subtracted from the XRD pattern of the corresponding
support, and the Scherrer‘s equation was applied to (311) reflection.

Hydrogen chemisorption experiments were performed on a
Quantachrome Autosorb-1C. Prior to adsorption, the samples were
activated in situ under 50 mL min�1 H2 flow following the steps: (i)
2 K min�1 up to 373 K (holding time 30 min), (ii) 2 K min�1 up to
473 K (holding time 60 min) and 10 K min�1 up to 973 K (holding
time 120 min). The system was evacuated for 30 min at 923 K
and cooled down at 5 K min�1. The H2 adsorption and desorption
were performed as described in previous work [30]. The sample
was cooled to room temperature in H2 flow and exposed for 1 h
to H2 to ensure the maximum adsorption. Next, samples were
cooled to �243 K and purged in Ar for 1 h. Hydrogen desorption
was obtained by heating at 10 K min�1 at 30 mL min�1 Ar flow.
The H2 desorbed was monitored with a TCD.

FT-IR spectra of adsorbed CO in the 2200–1700 cm�1 region were
recorded on a Thermo Nicolet NEXUS 4700 FT-IR Spectrometer
equipped with a MCT detector and a diffuse reflectance infrared
Fourier transform spectroscopy reaction cell with CaF2 windows
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(DRIFT HTHV cell – Spectra Tech). Prior to the analyses, the samples
were reduced at 973 K (10 K min�1) for 3 h under H2 flow. The sam-
ples were cooled to room temperature, transferred to the DRIFTS cell
and reduced in situ at 773 K under flow of a 25 v% H2/N2 mixture. FT-
IR spectra of adsorbed CO were collected after injection of 0.5 mL of
CO in the DRIFTS cell. Following, desorption spectra were collected
after injection of N2 with successive heating and cooling at different
temperatures to obtain the spectra at room temperature.

Scanning electron microscopy (SEM) images were recorded on a
Philips XL 30 SEM before and after catalysts were exposed to ORE
and SRE reactions. The fresh and used catalysts were dispersed in
acetone, and the suspension was dropped onto a stainless steel
sample holder. Then, gold powder was evaporated on each sample
to form a thin layer.

The samples were characterized by transmission electron
microscopy (TEM) using a JEOL JEM 3010 microscope, operating
at 300 kV (1.7 Å point resolution) at the Brazilian Synchrotron
Light Laboratory (LNLS). The supported catalysts were dispersed
in isopropyl alcohol and deposited on amorphous carbon-coated
copper grids.

X-ray absorption near edge spectroscopy (XANES) was measured
at the Co K-edge (7709 eV) in situ conditions at the D06A-DXAS
beamline of the LNLS. The D06A-DXAS is a dispersive beamline
equipped with a curved Si(111) monochromator operating in Bragg
mode that selects radiation from a bending magnet source in the
X-ray range from 4 keV up to 14 keV and focuses it at the sample po-
sition [31,32]. An exposure time of around 0.3 s was employed for
each measured spectrum, but the final spectrum was obtained after
100 accumulations (frames), giving 30 s of total acquisition time.
Conversion of data, from pixel to energy, was accomplished by com-
paring measurements in conventional mode, in non-dispersive
beamlines, with those in dispersive mode from the reference of
metallic Co.

For the XANES experiments, the catalysts were first crushed and
sieved to particle sizes smaller than 20 l. Two different setups
were used: (i) a self-supported pellet (for temperature-resolved
analyses) placed inside a tubular quartz reactor (20 mm inside
diameter and 440 mm X-ray path length), equipped with kapton
refrigerated windows transparent to the X-ray beam [33]; and
(ii) a capillary reactor with 1.2 mm internal diameter (for spatial/
temperature-resolved analyses) homogeneously filled with 1 mm
of catalyst powder.

Temperature-resolved XANES spectra were collected at differ-
ent temperatures and atmospheres. XANES-H2 spectra were
acquired during TPR at 10 K min�1 up to 1023 K under flow of
200 mL min�1 of a 5 v% H2/He mixture (holding time 30 min). After
in situ reduction, temperature-resolved XANES-ORE or XANES-SRE
spectra were acquired during heating of the reduced samples (i) at
10 K min�1 up to 733 K (holding time 30 min) and (ii) at
10 K min�1 from 733 K up to 773 K (holding time 30 min). The
experiments were conducted under 3.9 mL min�1 of ORE (H2O/eth-
anol/O2 molar ratio = 3:1:0.5) or SRE (H2O/ethanol molar
ratio = 3:1) mixture diluted in 133 mL min�1 of He.

In the spatial/temperature-resolved XANES experiments, the 1-
mm catalyst bed was kept in place by two plugs of quartz wool,
and the X-ray beam was positioned in the direction normal to
the wall of the capillary reactor. XANES-H2 spectra were measured
at 10 K min�1 up to 1023 K (holding time 30 min) under flow of
10 mL min�1 of a 5 v% H2/He mixture with the beam positioned
0.4 mm after the entrance of the bed (P4). After in situ reduction,
the beam was kept at the same position (P4), and XANES-ORE spec-
tra were recorded during heating of the capillary at 10 K min�1 up
to 773 K (holding time 30 min) under 1.1 mL min�1 of the ORE
mixture diluted in 3.7 mL min�1 of He. After cooling to room
temperature, the flow of reactants was maintained, and a second
heating/cooling cycle was carried out at position P4. Finally, the
beam was shifted to the entrance of the bed (P0), and a third and
last heating cycle was performed. After this last cycle, the temper-
ature was maintained in steady state at 773 K, and spectra were
measured at six equally spaced points of the catalytic bed
(0.2 mm steps, horizontal beam size of about 0.05 mm).

Energy calibration and normalization of the XANES spectra
were performed with the open source software ATHENA-IFEFFIT
[34]. In addition, a linear combination analysis of each spectrum
obtained during temperature-resolved XANES-H2, XANES-SRE or
XANES-ORE measurements was performed using Co0, CoO, Co3O4

and Co2AlO4 as reference compounds. Fig. S1 shows the normalized
XANES spectra of the reference compounds. The linear fit was per-
formed in the range from 20 eV below the edge and 30 eV beyond
the edge. Despite the limitations of the linear combination
approach for this kind of complex system, the goal was to get in-
sights about the evolution of the Co phase by comparing the results
acquired under different reaction conditions.

2.3. Catalytic test

2.3.1. Activity measurements
Activity measurements in SRE were carried out in a fixed bed

quartz reactor (8 mm inside diameter and 230 mm length) operat-
ing isothermally at atmospheric pressure. Prior to the reaction, the
catalyst bed (120 mg) was reduced in situ at 973 K (10 K min�1) for
1 h under 50 mL min�1 of H2. The activity to SRE and selectivity to
products were measured from 523 up to 898 K with steps of 50 K.
The reactant mixture (H2O/ethanol molar ratio = 6) was fed to the
reactor with the aid of an injection pump (KD Scientific – Model
100) coupled to the reactor, with liquid flow rate of 2 mL h�1,
eluted in 30 mL min�1 of He. The reactor effluent was analyzed on-
line by gas chromatography employing a Varian 3600 CX equipped
with a thermal conductivity detector (TCD) and a 20% Carbowax�

20 M ON 80/100 Chromosorb column, as described previously [1].
The molar fraction of a species i, yi, was calculated using Eq. (2),

and the conversion of ethanol was estimated using Eq. (3).

yi ð%Þ ¼
Fi

ð
PN

j¼1FjÞ
� 100 ð2Þ

XEthanolð%Þ ¼
PN�H2

j¼1 ajFj � aEthanolFEthanol
PN�H2

j¼1 ajFj

� 100 ð3Þ

In Eqs. (2) and (3), Fi and Fj are the molar flow of species i and j,
respectively, aj is the carbon number of specie j, and N is the num-
ber of species in the reactor outlet stream. Specifically in this work,
N = 8, referring to the following species: H2, CO, CO2, CH4, C2H4,
acetaldehyde, methanol and ethanol.

2.3.2. Stability tests
Stability tests were conducted for SRE and ORE in a fixed bed

quartz reactor operating isothermally at atmospheric pressure. To
avoid temperature gradients, the catalysts (10 or 20 mg) were
diluted in silicon carbide (SiC/catalyst weight ratio = 3). Prior to
the reaction, the catalysts were reduced in situ at 973 K
(10 K min�1) for 1 h under 30 mL min�1 of H2. The residence time
(RT) was calculated from W/Feth. ratio, where W is the weight of
catalyst in mg and Feth is the mass flow rate of ethanol in mg min�1.
The reaction mixture of SRE (H2O/ethanol molar ratio = 3) was fed
to the reactor in order to obtain a RT of 4.4 min for ethanol on a
20 mg sample, which represents 9.6 mL min�1 of reaction mixture
eluted in 67 mL min�1 of He. The reactor was maintained at 773 K
during 6 h. Concerning the ORE stability tests, the reaction mixture
(H2O/ethanol/O2 molar ratio = 3:1:0.5) was fed to the reactor in or-
der to obtain 4.4 and 2.2 min residence times for ethanol relative to
20 and 10 mg of sample, respectively. To obtain these residence
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times, the feed was composed of 10.7 mL min�1 of reaction mix-
ture eluted in 66 mL min�1 of He. The reactor was maintained at
773 K during 30 h. The reaction products were analyzed online
by gas chromatography employing an Agilent 3000A micro-GC
equipped with a molecular sieve and a CP-PoraPLOT U using ther-
mal conductivity detectors. The molar fraction of species i and the
conversion of ethanol in the reactor outlet stream were calculated
using Eqs. (2) and (3), respectively.

TOF at 580 K was calculated from the specific reaction rate and
using the Co dispersion determined by H2 chemisorption (Table 1).
The feed comprised of H2O/ethanol with molar ratio of 6 with total
liquid flow rate of 2 mL h�1 eluted in 30 mL min�1 of He. The frac-
tional distance from equilibrium in these experiments varied from
0.72 to 0.99. Net turnover rates (TOFn) were used to obtain forward
turnover rate (TOFf) of the dehydrogenation reaction of ethanol,
which is the main reaction that takes place at low temperature,
as previously described in [4].

3. Results

The supports Al, La–Al, Ce–Al and Ce–AM show surface areas
(SBET) of 78, 74, 77 and 95 m2 g�1, respectively. The surface areas
of the catalysts were similar to the ones measured for the supports
except for Ce-containing catalysts, that is, Co/Ce–Al, Pt–Co/Ce–Al
and Co/Ce–AM, which presented lower surface areas of 66, 65
and 85 m2 g�1, respectively (Table 1).

Fig. 1 presents the XRD patterns obtained for supports and unre-
duced catalysts. The catalysts show XRD peaks at 2h equals to 36.8�
and 44.8� characteristic of (311) and (400) reflections of Co3O4 spi-
nel, respectively [28]. The apparent average crystallite sizes of
Co3O4 are presented in Table 1, calculated from Scherrer equation
using the (311) reflection. Most precursors have apparent crystal-
lite sizes of Co3O4 around 9 nm, except the Ce-containing samples,
which show larger values around 19 nm. La-containing samples did
not show any diffraction lines relative to lanthanum oxides. Ce-con-
taining catalysts show characteristic lines of the CeO2 fluorite struc-
ture, that is, 2h = 28.5�, 33.3�, 47.5� and 56.4�, corresponding to
(111), (200), (220) and (311) reflections [35]. The apparent aver-
age crystallite sizes of ceria particles were 17 nm. The diffraction
lines characteristic of metallic Co were hardly observed in the re-
duced samples (not shown).

In order to elucidate the phase changes of Co as a function of
reduction temperature, the spectra obtained during temperature-
resolved XANES-H2 of the catalysts are shown in Fig. 2. Fig. 2A
and D (left) shows the evolution of temperature-resolved XANES-
H2 spectra taken at the Co K-edge (the absorption intensity
increases from lighter to darker color), and Fig. 2E and H (right)
presents the results obtained by fitting the spectra using a linear
combination of the reference compounds. The reduction tempera-
Table 1
SBET of Pt–Co/(La, Ce)–Al catalysts, DCo3O4 and DCeO2 obtained by XRD. H2 uptake, TOF for d
(rcarbon,ORE) reactions are also shown.

Sample Co/Al Co/La–Al Co

SBET (m2 g�1) 72 73 66
Particle sizeab(nm) 12 9 19
H2 uptake (lmol g�1 cat) 36 39 29
TOFc (s�1) 0.07 – 0.1
rcarbon,SRE

d (mgcarbon g�1
cat h�1) 24.9 34.1 16

rcarbon,ORE
d (mgcarbon g�1

cat h�1) 1.7 2.1 0.1

a Values outside parenthesis are referred to Co3O4.
b Values between parenthesis are referred to CeO2.
c TOF values calculated for dehydrogenation of ethanol at 580 K under steam reformin

ethanol).
d Values between parenthesis are referred to stability test with 10 mg of catalysts, ot
tures observed from XANES-H2 spectra are in good agreement with
the ex situ TPR experiments (shown in Fig. S2). As an example,
Fig. S3 shows some representative spectra of the Co/Al sample
and the corresponding linear fit. It is worth to mention that the
CoAl2O4 standard did not improve the fits. For Co/Al and Pt–Co/Al
samples, the spectra show initially an intense white line character-
istic of Co3O4 species [36]. The spectra profile indicates the forma-
tion of CoO and subsequently Co0 by heating, reflecting a two-step
reduction process (Co3O4 ? CoO ? Co0), as previously described by
Jacobs et al. [37]. For the Co/Al sample, the reduction of Co3O4 to
CoO is achieved at 610 K, and the reduction of CoO to Co0 occurs
around 830 K (Fig. 2A). Similarly to the results previously described
by Jacobs and Davis [36] and Kwak et al. [38], the addition of
0.05 wt.% of Pt to the Co/Al sample decreases the reduction temper-
atures of Co3O4 and CoO to 520 and 700 K, respectively (Fig. 2B). At
900 K, the reduced Co/Al sample presents around 80% of Co0 and
20% of CoO, while the promoted Pt–Co/Al catalyst is completely re-
duced. The lower reduction temperature of the Pt-promoted sample
is attributed to changes in the H2 activation mechanism. H2 is acti-
vated on Pt0 sites rather than in the Co3O4 vacancies, producing
atomic H, which is transferred to Co3O4 and CoO surfaces by hydro-
gen spillover [39]. The La-containing sample (Fig. 2C) shows reduc-
tion temperatures similar to the ones observed for Co/Al, although
in this catalyst Co3O4 is reduced at lower temperatures and the rate
of reduction of CoO is smaller. Interestingly, 35% of Co2+ remains
unreduced at 973 K for the Co/La–Al sample. The Ce-containing
sample (Fig. 2D) shows reduction temperatures similar to the ones
ehydrogenation of ethanol and average rate deposition under SRE (rcarbon,SER) and ORE

/Ce–Al Pt–Co/Al Pt–Co/La–Al Pt–Co/Ce–Al

72 67 65
(17) 9 9 18 (15)

42 – 53
2 0.1 – –
.5 39.1 78.4 61.6

2.5 3.3 0.3

g of ethanol (catalysts activated at 623 K and feed mixture of the 6:1 M ratio of H2O/

hers are referred tests with 20 mg.



(E) Co/Al(A) Co/Al

(F) Pt-Co/Al(B) Pt-Co/Al

(G) Co/La-Al(C) Co/La-Al

(H) Co/Ce-Al(D) Co/Ce-Al

Fig. 2. Temperature-resolved XANES-H2 spectra of Co/Al, Pt–Co/Al, Co/La–Al and Co/Ce–Al samples with respective percentage of Co species. Heating rate: 10 K min�1; carrier
flow: H2/He (5/95). The absorption intensity increases from lighter to darker color. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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observed for Co/Al and Co/La–Al samples. The faster reduction of
Co3O4 to CoO and higher maximum of CoO concentration for Co/
La–Al and Co/Ce–Al reflect the lower interaction of Co3O4 with alu-
mina when the surface has been modified by La or Ce. The addition
of Pt to Co/La–Al and Co/Ce–Al (not shown) caused lower impact in
the reduction temperatures than what was observed for Co/Al. Fur-
thermore, the reductions of Co3O4 and CoO were facilitated by the
presence of Pt, and CoO was fully reduced at 900 K.

FT-IR spectra of adsorbed CO on Co-supported catalysts at 298 K
are presented in Fig. 3. Both sets of spectra, collect after CO Pulse
(Fig. 3A) and after purge with N2 (Fig. 3B), show bands at ca.
2170, 2060, 2020 and 1890 cm�1. The band at 2170 cm�1 assigned
to CO linearly adsorbed on Co2+ [40] is observed only for La-con-
taining catalysts and with low intensity. The band at 2050–
2095 cm�1, typically assigned to CO linearly adsorbed on Pt0

[41,42], could not be observed in these catalysts promoted with
only 0.05 wt.% of Pt. The band at 1890 cm�1, assigned to CO bonded
in bridge form to two surface atoms of Co [43], is observed with
low intensity for Co/Al and for Pt-promoted catalysts. The bands
in the region 2050–2000 cm�1 are assigned to CO adsorbed in lin-
ear form on Co metal sites. The shoulder at 2040 cm�1 can be
attributed to linear CO species adsorbed on metallic Cod+ atoms
perturbed by the support surface, while the band around
2010 cm�1 is attributed to CO linearly bonded to metallic Co
[42]. The presence of La on Co/La–Al sample clearly suppresses
the adsorption of CO, which may occur because of a dipole effect
caused by geometric effect of LaOx overlaying the Co particles.
Ce-containing catalysts are very dark, and detection of CO was
not possible. The addition of Pt over the Co/Al catalyst results in
significant increase in metallic Co with higher electron density
leading to a CO band at 2010 cm�1 (Fig. 3B).

Fig. 4 presents the ethanol conversion and selectivities as a
function of temperature for SRE over Co/Al and Co/La–Al catalysts
(H2O/ethanol molar ratio = 6). All other catalysts behave similarly
to Co/Al (Fig. 4 and S4). The distribution of products changes with
increasing temperatures, and for Co/La–Al sample, ethanol decom-
position is strongly suppressed at temperatures lower than 673 K.
This is similar to what was observed by Liberatori et al. [3] for Ni/
La–Al catalyst: ethanol dehydrogenates to acetaldehyde, which
decomposes producing CH4, CO and CO2. The CH4 curve shows
two maximums around 673 and 823 K (Fig. S4). CO2 is observed
at temperatures higher than 640 K, and the (CO + CO2)/CH4 molar
ratio is much larger than unity at temperatures above 673 K. As
previously described in our work on Co nanoparticles supported
on SiO2 [2], this is a direct evidence that, at low temperature, there
are two reaction pathways consuming the ethanol: (i) the decom-
position of ethanol to CH4, CO and H2 and (ii) the reforming of
ethanol to CO2 and H2. The water–gas shift (WGS) reaction (Eq.
Fig. 3. FTIR-CO measurements of catalysts after H2 activation
(4) might contribute to the formation of CO2 and H2 at low temper-
ature [44], which results in a maximum of CO and H2 at tempera-
tures higher than 773 K.
COþH2O! CO2 þH2 ð4Þ

After reaching a maximum peak around 673 K, CO and CH4 mo-
lar fractions decrease and CO2 increases drastically, indicating that
the rate of reforming of ethanol becomes faster than the rate of
decomposition of ethanol to CO and CH4. For the Co/La–Al sample
at high temperatures, the fraction of CH4 increases again, followed
by decreasing of CO2 and increasing of CO. This was clearly ob-
served for Ce- and La-containing catalysts, which could indicate
that CH4 is formed mainly by hydrogenation of CO or CO2. It has
been reported that hydrogenation of CO to CH4 is promoted with
La and Ce in Co-based Al-supported catalysts [45] and Pd-based
Ce-supported catalysts [46]. Interestingly, these results suggest
that the ideal temperature to decrease CH4 and increase H2 molar
fractions is comprised around 787 K. In this condition, the rate for
hydrogenation of CO and CO2 is lower, the reforming of ethanol is
the main reaction, and the composition is closer to the equilibrium
one for WGS. Finally, the decrease in CH4 followed by the increase
in H2 and CO suggests that steam reforming of CH4 occurs signifi-
cantly at higher temperatures (823 K).

Fig. 5A presents the results of SRE for Co/Al catalyst as a function
of time on stream (TOS) at 773 K and H2O/ethanol molar ratio of 3.
All catalysts in this study showed similar profiles of deactivation un-
der SRE conditions. Characterization of the catalysts before and after
SRE showed an intense formation of carbon filaments (Fig. 5B and C).
The results of carbon deposition rates in SRE (rcarbon,SRE) (Table 1)
suggest that the deactivation was indeed caused mainly by carbon
deposition and formation of carbon filaments. The Co/Ce–Al catalyst
showed the lowest rcarbon,SRE, but the rate was accentuated when the
catalyst is promoted by Pt. Although the Al support is considered less
efficient than La–Al or Ce–Al in supplying oxygen via CO2 and H2O to
carbon oxidation, the rcarbon,SRE on Co/Al is of the same order of mag-
nitude to the ones verified for Co/La–Al and Co/Ce–Al catalysts. It
seems that the nature of supports has no direct effect on rcarbon,SRE

at H2O/ethanol molar ratio of 3. It is worth noting, however, that
the effect of Ce on suppression of carbon deposition was previously
observed at H2O/ethanol molar ratio of 10 [6].

Interestingly, the rcarbon,SRE follows a good linear fit with H2 up-
take for all catalysts (Fig. 6). Considering that all catalysts contain
12 wt.% of Co loading, the increase in H2 uptake follows the same
tendency decreasing of maximum reduction temperature of CoO
(Fig. 2). Thus, these results suggest that the increase in H2 uptake
is mainly due the increased degree of reduction of CoO, which de-
pend on nature of support and presence of Pt.
at 973 K: (A) after CO Pulse and (B) after purge with N2.



Fig. 4. Distribution of products for SRE (H2O/ethanol = 6) as a function of TOS of (A) Co/Al and (B) Co/La–Al catalysts after H2 activation at 773 K: (+) ethanol conversion, (d)
H2, (h) CH4, (D) CO, (.) CO2, (H) ethylene and (I) acetaldehyde.

(A) Co/Al

(B)

(C)

Fig. 5. Stability test under SRE conditions of Co/Al catalyst: (A) distribution of products as a function of TOS, (B) SEM image of fresh and (C) used catalyst. (T = 773 K, H2O/
ethanol = 3 and HRT = 4.4 min). (+) ethanol conversion, (d) H2, (h) CH4, (D) CO, (.) CO2, (H) ethylene and (I) acetaldehyde.
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Fig. 7 presents the distribution of products and ethanol conver-
sion as a function of TOS when the La–Al and Ce–Al supports are
exposed to ORE (H2O/ethanol/O2 = 3:1:0.5) at 773 K. The results
show that the activity and distributions of products are strongly
dependent on nature of support. For the La–Al support, the pre-
dominant product is acetaldehyde. On the other hand, for Ce–Al,
the predominant products are acetaldehyde, CO and CO2, while
Fig. 6. Rate of carbon deposition versus H2 uptake for (s) SRE and (d) ORE:
experimental data and linear fit.
CH4 and H2 are formed at lower concentrations. Ethanol conversion
is 100% for Ce–Al, whereas for La–Al, it reaches only 50%. Compar-
ing these results, the Ce–Al support shows higher activity for the
oxidation of ethanol to CO and CO2, probably reflecting the oxygen
storage capacity of ceria [47].

Fig. 8 presents the stability results when the catalysts (Co/Al,
Co/La–Al and Co/Ce–Al) are exposed to reactant mixture of ORE
at 773 K. The results were obtained using two different masses of
catalyst, that is, 10 and 20 mg. Since the reactant mixture flow
was kept constant, the use of distinct masses generated two resi-
dence times, which were called low residence time (LRT = 2.2 min)
and high residence time (HRT = 4.4 min) for ethanol. Co/Al cata-
lysts at LRT show a continuous deactivation and fast decrease on
H2 formation, while at HRT, the changes on total activity and for-
mation of H2 are less affected by TOS. At HRT, the selectivity to
H2 decreases in the order of Co/Al � Co/La–Al > Co/Ce–Al, while
the selectivity to CO2 appears in the inverse order. The carbon
deposition rates (Table 1) decrease in similar order to that ob-
served for H2 formation. It should be noted that the carbon depo-
sition rate under ORE was much lower than under SRE (Table 1),
and the carbon fibers are easily detected for all catalysts as shown
in Fig. 9A and B, except for the Co/Ce–Al catalyst, where carbon fi-
bers were not detected as shown in Fig. 9C and D. However, both
rates follow a good linear fit with H2 uptake (Fig. 6). These results
clearly show that the nature of supports has no direct influence on



Fig. 7. Distribution of products for ORE on (A) La–Al and (B) Ce–Al supports as a function of TOS (T = 773 K, H2O/ethanol/O2 = 3:1:0.5 and HRT = 4.4 min): (+) ethanol
conversion, (d) H2, (h) CH4, (D) CO, (.) CO2, (H) ethylene and (I) acetaldehyde.
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SRE and ORE reactions. The only exception is the Pt–Co/CeAl that in
strong oxidizing conditions of ORE shows lower carbon deposition
rates than with the one expected based on the H2 uptake. Under
the very oxidizing conditions of ORE, the oxidation of carbon on
Co surface by O� transferred from CeO2 support becomes relevant.

Co/Al and Co/La–Al at LRT show a fast decrease in selectivity to
H2 within 2 h on stream, which is followed by an increase in selec-
tivity to acetaldehyde. Co/Ce–Al at LRT shows a slow decrease in
the selectivity to H2. This deactivation occurs continuously during
30 h on stream, and at the same time, there is an increase in selec-
tivity to acetaldehyde. Interestingly, Pt-promoted catalysts at LRT
show a faster decrease on selectivity to H2 (Fig. 10). For Pt–Co/Al
catalyst, the formation of H2 is suppressed after 25 h on stream
with the increase in activity to oxidation of ethanol, reflecting
the total oxidation of Co0 to Co2+ sites. The higher deactivation rate
to H2 for Pt-promoted catalysts indicates that O2 can be activated
on Pt0 sites, which transfer the atomic O to the Co0 surface by oxy-
gen spillover [48–50] and promote the oxidation of Co0. This mech-
anism is analogous to the one that activates H2 on Pt sites and
promotes the reduction of Co oxides.

Comparing the catalytic results at LRT and HRT, there is a strong
decrease in H2 formation at LRT, whereas this effect is not as in-
tense at HRT. These experiments show that the oxidation of Co
sites occurs at the entrance of the catalytic bed, rich in oxygen,
as evidenced by the catalytic result of Pt–Co/Al at LRT shown in
Fig. 10A. Although the activity for H2 production decreases sharply
and is suppressed after 30 h of reaction at LRT, this decrease in
activity is not as sharp at HRT (Fig. 10B). This fact suggests that
with the total consumption of oxygen at the entrance of the bed,
Co remains in the reduced form toward the end of the bed and
H2 is produced by the WGS reaction.

Fig. 9 presents SEM images of Co/Al, Co/La–Al and Co/Ce–Al cat-
alysts used in ORE after 30 h on stream. The results confirmed the
lower carbon deposition in ORE when compared to SRE reactions
(Fig. 5), as already pointed out by the carbon deposition rates
shown in Table 1. Carbon is hardly observed in Co/Ce–Al catalyst.

Fig. 11 presents the results of ethanol conversion and distribu-
tion of products for Co/Ce–AM under ORE at LRT conditions and
773 K. Different from the alumina-supported Co catalysts (Fig. 8
and 10), the Co/Ce–AM shows quite stable selectivities, mainly to
H2, suggesting that oxi-reduction characteristics of the active sites
are maintained with TOS.

In order to get further information about the interaction of Co2+

with alumina under ORE conditions, the Co/CeAl sample was first
reduced under H2 at 650 K inside a capillary reactor. As
demonstrated by temperature-resolved XANES-H2 in Fig. 2D, this
reduction temperature corresponds to the maximum reduction of
Co3O4 to CoO. After this treatment, the sample was heated flowing
He from 650 to 973 K. This last temperature corresponds to the
temperature at which the samples were reduced prior to the stabil-
ity tests in SRE and ORE conditions. After increasing the tempera-
ture under He flow, the Co/CeAl sample changed color from dark
to blue. The XANES spectra of Co/CeAl sample after treatments
and reference compounds are shown in Fig. 12. The spectra reveal
that CoO reacted with the alumina support in the temperature at
which the reaction is processed to form CoAl2O4 [51].

Fig. 13A provides information on the evolution of temperature-
resolved XANES spectra under SRE (XANES-SRE) taken at the Co K-
edge using a self-supported pellets placed inside a tubular quartz
reactor. The corresponding fits using a linear combination of the
standards Co3O4, CoO and Co0 are shown in Fig. 13E. It is worth
to mention that the inclusion of CoAl2O4 did not improve the fits
for all samples under SRE or ORE (Fig. S5). Fig. 13B and C shows
the evolution of temperature-resolved XANES spectra under ORE
conditions (XANES-ORE) for Co/Ce–Al and Pt–Co/Ce–Al catalysts,
respectively, and their corresponding linear fits are shown in
Fig. 13F and G. Fig. 13D shows the distribution of products as a
function of temperature obtained during XANES-ORE reaction on
Pt–Co/Ce–Al catalyst.

Fig. 13H groups the profiles of oxidation states of Co as a func-
tion of temperature for Co/Ce–Al and Pt–Co/Ce–Al in SRE and ORE
reactions. These profiles reflect the average oxidation state of Co in
direction of the X-ray beam through the catalyst pellet. After
reduction and exposition to reactants of SRE or ORE, all catalysts
initially show an intense white line characteristic of oxidation of
Co atoms corresponding to about 20–25% of Co2+ at 373 K. For
SRE, all catalysts have profiles similar to the ones observed for
Co/Ce–Al (Fig. 13A and E) and Co/Ce–AM (Fig. S6). Increasing the
temperature under SRE conditions, the catalysts show an increase
in degree of oxidation by H2O. The maximum oxidation is about
50% of Co2+ found around 573 K. After this temperature, the frac-
tion of reduced Co increases with temperature, and the point of
maximum reduction is found at 733 K, reflecting the predominant
reduction of catalysts by ethanol in this temperature region.
Increasing the temperature under ORE conditions, in combination
with mass spectrometry, the reforming products (H2, CO and
CO2) are observed at temperatures higher than 623 K (Fig. 13G),
while at lower temperatures, ethanol undergoes oxidative dehy-
drogenation. However, there are no rapid structural changes of
Co (Fig. 12H).

For ORE reaction, all catalysts show a strong oxidation with
increasing temperature, with maximum oxidation degree, around



Fig. 8. Distribution of products for ORE on Co/Al, Co/La–Al and Co/Ce–Al catalysts as a function of TOS (T = 773 K and H2O/ethanol/O2 = 3:1:0.5): (+) ethanol conversion, (d)
H2, (h) CH4, (D) CO, (.) CO2, (H) ethylene and (I) acetaldehyde.
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90%, at 673 K. The fraction of metallic Co increases with tempera-
ture, indicating that the oxidized region of the catalytic bed be-
comes thinner as the oxygen consumption becomes faster. When
kept at 733 K, the reduction of Co2+ to Co0 occurs slowly for all cat-
alysts. The fraction of metallic Co also depends on the nature of
support and on the presence of Pt, as shown in Fig. 13D and F. At
733 K, the degree of reduction increases in the following order:
Co/Al < Co/Ce–Al < Pt–Co/Ce–Al. There are not simultaneous rapid
structural changes or ignition during ORE, as observed during par-
tial oxidation of methane over Pt-, Rh- and Pd-based catalysts
[52,53]. In combination with mass spectrometry data, it was possi-
ble to observe that the oxidation degree of Co increases until 673 K.
In the region where oxygen is totally consumed, the reduction of
Co by ethanol becomes important, and products of reforming (H2,
Co and CO2) are observed at 673 K. At this temperature, the igni-
tion of ethanol reforming reaction occurs, while the catalysts struc-
tural changes are gradual with temperature, mainly by diffusion
resistance in the catalyst pellets.

In order to minimize diffusion resistance effects and to obtain
further information about the oxidation state of Co at different ax-
ial locations of the catalyst bed, a capillary reactor was employed
and spatial and temperature-resolved XANES spectra for ORE reac-
tions were measured for the Co/Ce–Al sample. The Co/Al catalyst
presented a very fast growth of carbon filaments at the entrance



(A) Co/Al (SEM)

(B) Co/La-Al (SEM)

(C) Co/Ce-Al (SEM) (D) Co/Ce-Al (TEM)

Fig. 9. SEM images of carbon filaments formed on (A) Co/Al and (B) Co/La–Al catalysts, and SEM image of Co/Ce–Al catalyst free of carbon filament (C) and (D) TEM image of
Co/Ce–Al. All catalysts were exposed to ORE reaction (T = 773 K, H2O/ethanol/O2 = 3:1:0.5, HRT = 4.4 min and TOS = 30 h).

Fig. 10. Distribution of products for ORE on Pt–Co/Al and Pt–Co/Ce–Al catalysts as a function of TOS (T = 773 K and H2O/ethanol/O2 = 3:1:0.5): (+) ethanol conversion, (d) H2,
(h) CH4, (D) CO, (.) CO2, (H) ethylene and (I) acetaldehyde.
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Fig. 11. Distribution of products for ORE of Co/Ce–AM catalyst as a function of TOS
(T = 773 K and H2O/ethanol/O2 = 3:1:0.5). (+) ethanol conversion, (d) H2, (h) CH4,
(D) CO, (.) CO2, (H) ethylene and (I) acetaldehyde.
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of the bed, which blocked the reactant flow soon after the temper-
ature of 773 K was attained. Figs. 14 and S7 shows the evolution of
Co oxidation states at three different axial regions of the bed as
schematized. For the Co/Ce–Al sample, after in situ reduction, the
X-ray beam was directed to the position 0.4 mm after the entrance
of the bed (P4), and the first heating cycle was performed under
ORE atmosphere. The reactor was cooled to room temperature,
the flow of reactants was maintained, and the second heating/cool-
ing cycle was carried out at position P4 with used sample. Follow-
ing, the beam was shifted to the entrance of the bed (P0), and the
third and last heating cycle was performed in the same sample.
As example of fits obtained, some spectra of ORE profiles for Co/
Ce–Al sample in capillary reactor and their corresponding linear
fitting from reference compounds are showed in Figs. S8 and S9.
The CoAl2O4 improved the fits at entrance of the bed (P0)
(Fig. S8), demonstrating that CoAl2O4 is formed in thin layer at en-
trance of the bed.

The results indicate that at position P4, in the first cycle of ORE
and during heating, Co is re-oxidized, with maximum oxidation de-
gree around 70–80%, at 700 K. At higher temperatures, Co2+ is
Fig. 12. (A) XANES spectra of standards (dot lines) and of Co/Ce–Al sample (solid lines) in
973 K. (B) Respective XANES derivative spectra.
promptly reduced, which indicates the ignition of the reforming
reaction. After being cooled under ORE atmosphere, the catalyst
appeared more oxidized than in the previous cycle, but the ignition
of reforming occurred around 700 K, which is similar to what was
observed in the first cycle. In the third heating cycle, at point P0,
unlike what was verified at position P4, the catalyst remains pre-
dominantly oxidized due to the high concentration of oxygen
and the presence of CoAl2O4 like species is observed.

Finishing the last heating cycle, the temperature was main-
tained at 773 K, and spectra were measured at six equally spaced
points of the catalytic bed. The detailed profiles of Co0 and CoO ob-
tained by spatial resolved XANES spectra are shown in Fig. 15. The
bed is predominantly oxidized at the first 0.3 mm, where the
reduction front is situated. However, linear combination analysis
suggests the presence of a significant percentage of CoAl2O4 at
the entrance of bed. These facts imply that the reduction of the cat-
alyst starts from the end region to the entrance, reflecting the con-
centration gradient of O2 and H2 over the catalyst bed.

4. Discussion

Alumina-supported Co3O4 precursor is reduced by a two-step
process (Co3O4 ? CoO ? Co0). The CoO species formed mainly dur-
ing the first step of reduction shows high interaction with the alu-
mina surface, resulting in Co/Al catalyst with low degree of
reduction by activation at temperatures lower than 973 K. The
addition of Ce or La on the Al2O3 surface decreases the interaction
of the CoO species with the support. For Co/La–Al sample, a frac-
tion of Co2+ species shows stronger interaction with La–Al support,
being reduced at temperatures around 1023 K. The addition of Pt to
Co/Al decreases the reduction temperatures of Co3O4 and CoO,
resulting in more reducible catalysts. This lower temperature of
reduction is attributed to H2 activation on Pt0 sites instead of
vacancies in the Co oxides and transfer of atomic H to the Co3O4

and CoO surface by hydrogen spillover. The gain of reducibility
associated with the decrease in interaction of the Co oxides and
support added to the promotion effect of Pt is reflected in the in-
crease in both H2 uptake (Table 1) and CO adsorption band around
2010 cm�1, characteristic of Co0.

It has been demonstrated through experimental evidence that
the rate of activation of ethanol occurs faster on metal surfaces
capillary reactor, heating under H2 up to 651 K, followed by heating under He up to



(A) Co/Ce-Al (SRE) (E) Co/Ce-Al (SRE) 

(B) Co/Ce-Al (ORE) (F) Co/Ce-Al (ORE) 

(C) Pt-Co/Ce-Al (ORE) (G) Pt-Co/Ce-Al (ORE) 

(D) Pt-Co/Ce-Al (ORE) (H) Percentage of Co0 in each sample 

Fig. 13. (Left): Temperature-resolved XANES-SRE spectra of (A) Co/Ce–Al and XANES-ORE spectra of (C) Co/Ce–Al and (E) Pt–Co/Ce–Al catalysts, flowing reactants through of single
catalyst pellet. The absorption intensity increases from lighter to darker color, and (G) composition of effluent of reactor in ORE and Pt–Co/Ce–Al. (Right): (B) distribution of products for
SRE of Co/Ce–Al; (D) and (F) for ORE of Co/Ce–Al and Pt–Co/Ce–Al, respectively. (H) Groups the percentage of Co0 calculated from XANES spectra. Samples reduced flowing H2 at 973 K,
cooled to 298 K and flow replaced by ORE mixture (H2O/ethanol/O2 = 3:1:0.5) or SRE mixture (H2O/ethanol = 3). Heating rate: 10 K min�1, flowing 133 mL min�1 of He and
3.9 mL min�1 of ORE mixture or 3.45 mL min�1 of SRE mixture. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Temperature-resolved XANES-ORE spectra of Co/Ce–Al catalyst flowing
reactants through a capillary reactor: percentage of Co0 calculated from XANES
spectra. Sample reduced flowing H2 at 973 K, cooled to 298 K and flow replaced by
ORE mixture (H2O/ethanol/O2 = 3:1:0.5). Heating at 10 K min�1, flowing
1.1 mL min�1 of ORE mixture diluted in 3.7 mL min�1 of He.

Fig. 15. Spatial resolved XANES-ORE spectra of Co/Ce–Al catalyst flowing ORE
mixture (H2O/ethanol/O2 = 3:1:0.5) through capillary reactor at 973 K: percentage
of Co0, CoO and CoAl2O4 calculated from XANES spectra.
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than in oxides [54]. Reforming occurs via an intermediate like OC–
CHx, with cleavage of C–C bond, decomposition of –CHx species
forming active C�, which can be removed by reaction with oxygen
bound to the surface (O�) and formation of CO. Considering (i) the
mechanism described, (ii) the fact that carbon accumulates on all
Co catalysts under SRE conditions (H2O/ethanol = 3) with forma-
tion of filaments and (iii) the linear correlation between carbon
deposition rates for SRE and Co0 sites, it is clear that the oxidation
of C� is the kinetically-relevant step. Also, the steps of ethanol acti-
vation and C� oxidation can be equilibrated by decreasing the size
of Co clusters. The support nature (Al, La–Al and Ce–Al) and the
presence of Pt influence the size of Co clusters or the specific den-
sity of Co sites, but they do not influence the rates of C� oxidation,
indicating that the activation of co-reactants H2O or CO2 on La–Al
and Ce–Al is not relevant at low H2O/ethanol ratio.

ORE reactions show high initial H2 yield that decreased after
only 5 h on stream at LRT experiments. For the Co/Ce–Al sample,
which is free of carbon filaments after use in ORE (Fig. 9), this is
associated with an increase in the yield of oxidation products
(Fig. 8). XANES data acquired at the entrance of the catalytic bed
demonstrate that Co is mainly oxidized in this region and that
there is evidence of formation of CoAl2O4. This result suggests that
the decrease in H2 yield occurs mainly due to Co re-oxidation in
Co/Ce–Al catalyst that is accelerated in by the promotion with Pt
leading to total suppression of H2 yield for Pt–Co/Al catalyst after
25 h on stream (Fig. 10). Considering that this effect occurs even
when the catalyst is activated with reactant mixture, there are
no obvious reasons for Co to re-oxidize continuously under operat-
ing conditions. Temperature-resolved XANES spectra under ORE
conditions indicate that the presence of Pt promotes both the oxi-
dation of Co by O2 at low temperatures and the reduction of CoO at
high temperatures. Therefore, Pt promotes the activation of O2

transferring atomic O to the Co0 surface by oxygen spillover [48–
50]. Temperature-resolved XANES-H2 and XANES-ORE spectra
indicate that an analog mechanism occurs in the presence of H2,
that is, H2 is activated on Pt sites, transferring atomic H by hydro-
gen spillover [39] to the CoO surface favoring reduction. Co2+ and
Co0 species coexist at a microdomain mainly at the oxidized zone
at the entrance of the catalytic bed. It is likely that Co2+ ions diffuse
into the support and occupy the vacant sites in tetrahedral posi-
tions of Al2O3 resulting in the loss of active of the Co sites at the
entrance of the bed (Co0

M CoO ? CoAl2O4). A deactivation wave
is propagated from the entrance of bed through all later regions
containing O2, and this effect is accelerated in Pt-promoted cata-
lysts due to the increase in Co2+ species content. This hypothesis
is supported by XANES results (Fig. 12) and the change of color
when heating a CoO/Al2O3 sample in He at 973 K from dark to blue,
which is an evidence of CoAl2O4 formation. Besides, using the alu-
minates such as MgAl2O4 (Co/Ce–AM) avoids the diffusion of Co2+

ions, and the yield of H2 keeps its initial value at LRT, although the
initial decreasing of ethanol conversion occurred in Co/Ce–AM cat-
alyst (Fig. 11), indicating that the Co in pre-reduced catalyst is par-
tially re-oxidized in contact with ORE reactants. Different than
observed for Co supported on alumina, which occurs in the reac-
tion of CoO with Al2O3, for Co/Ce–AM catalyst, the initial oxidation
of Co is not enough to cause a decrease in H2 yield at LRT.

The addition of oxygen to the reactants suppresses strongly the
carbon deposition rate in ORE relative to SRE reactions, which is
followed by significant increases in the Co2+/Co ratio. The increase
in H2 uptakes resulted in catalysts with lower average Co2+/Co ra-
tios in ORE reactions and higher carbon deposition rates. However,
we can infer that the properties of oxidation and reduction of Co in
ORE mixture are determinant to carbon deposition rate. Concern-
ing the thermodynamic analysis on simultaneous oxidation and
re-reduction of small metallic Co crystallites, the standard free en-
ergy of formation of Co + ½O2 M CoO and CoO + H2 M Co + H2O
should depend on morphology of the crystallite [55] and on the
metal-cluster curvature [56], in which oxidation of the metal is fa-
vored with decreasing both the metal particle sizes and the tem-
perature [57]. This might be indicative that, under reaction
conditions, the Co2+/Co ratio should be controlled by manipulating
composition of reactants and temperature, as well as by manipu-
lating the Co cluster sizes. The Co2+/Co0 ratio is indirectly depen-
dent on the nature of support, where the interaction of cobalt
oxide with support determines the Co particles size and becomes
more oxidized with the presence of Ce. Considering the spatial re-
solved XANES data that indicate that Co is mainly in oxidizing state
at the entrance of the catalytic bed, Co2+ and Co0 coexist, and Co2+/
Co0 ratio decreases slowly throughout the bed at reaction temper-
ature (773 K). Thus, it is reasonable to suppose that this creates the
potential Co0/CoO sites for oxidation of adsorbed C�. Hence, stable
catalysts are found when the steps of activation of ethanol and oxi-
dation of C� are equilibrated.
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5. Conclusions

Under SRE at low H2O/ethanol molar ratio (H2O/ethanol = 3) on
alumina-supported Co catalysts, the deactivation of catalysts oc-
curs mainly by carbon deposition. The rate of carbon deposition
is connected to the density of Co0 sites, characterized by changes
of H2 uptake. The supports influence the degrees of reduction of
Co and have indirect influence on the control of carbon deposition.

Deposition of carbon decreases with addition of O2 in reactants
in ORE. There are not simultaneous rapid structural changes, and
ignition of ORE and Co0 and Co2+ coexists at a microdomain at
the oxidized zone in the entrance of the catalytic bed. The Co2+ ions
diffuse in the support resulting in loss of active Co sites at the en-
trance of the bed (Co0

M CoO ? CoAl2O4). A deactivation wave is
propagated from the entrance of bed through all later regions con-
taining O2, which is blocked when Co is supported on aluminates.
The nature of supports and the presence of Pt promoter determine
the degree of reduction of Co under reaction. The Co2+/Co0 ratio is
strongly sensitive to the degree of Co reduction obtained in activa-
tion of catalysts, to the composition of oxidants reactants (O2, H2O)
in the feed stream and temperature of reaction.

The CoCoO sites on surface, created by the presence of O2, can
control the rate of activation of ethanol and promote the oxidation
of C�. The control of the Co2+/Co0 ratio by manipulating the interac-
tion of Co oxides with the support and by the composition of reac-
tants can equilibrate the steps of ethanol activation and carbon
oxidation, resulting in stable catalysts.
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